Poliovirus RNA The only viral messenger RNA found in poliovirus-infected cells is the 35S viral RNA (1, 2). Analysis of viral protein synthesis in infected cells has led to the hypothesis that the 35S RNA of poliovirus and other picornaviruses is translated from a single site near the 5'-end of the RNA into one continuous polypeptide (3). All the functional viral proteins would then be proteolytic cleavage products from this single polypeptide. The strongest evidence for this hypothesis is 2-fold: (i) the identification, in cells that were treated to inhibit proteolysis, of a virus-specific polypeptide that is larger than 200,000 daltons and could be the complete genome transcript (3) and (ii) the ability to map the viral genome using inhibitors of initiation of protein synthesis, a form of analysis which depends on the existence of only a single initiation site (4-6). The proteolytic cleavages responsible for synthesis of the viral proteins are of two forms, cleavages of nascent protein that occur soon after a given peptide bond has been formed and cleavages which have much longer half-times of occurrence (3, 5).
The only viral messenger RNA found in poliovirus-infected cells is the 35S viral RNA (1, 2) . Analysis of viral protein synthesis in infected cells has led to the hypothesis that the 35S RNA of poliovirus and other picornaviruses is translated from a single site near the 5'-end of the RNA into one continuous polypeptide (3) . All the functional viral proteins would then be proteolytic cleavage products from this single polypeptide. The strongest evidence for this hypothesis is 2-fold: (i) the identification, in cells that were treated to inhibit proteolysis, of a virus-specific polypeptide that is larger than 200,000 daltons and could be the complete genome transcript (3) and (ii) the ability to map the viral genome using inhibitors of initiation of protein synthesis, a form of analysis which depends on the existence of only a single initiation site (4) (5) (6) . The proteolytic cleavages responsible for synthesis of the viral proteins are of two forms, cleavages of nascent protein that occur soon after a given peptide bond has been formed and cleavages which have much longer half-times of occurrence (3, 5) .
To test the hypothesis of a single initiation site for protein synthesis on a picornavirus messenger RNA requires analysis of cell-free protein synthesis programmed by the RNA. Poliovirus RNA has not been previously studied as a messenger RNA in eukaryotic cell-free systems, but RNA from another picornavirus, encephalomyocarditis (EMC) virus has been used successfully. In vitro, RNA of EMC virus is apparently translated from a single initiation site (7, 8) to generate a Abbreviations: NaDodSO4, sodium dodecyl sulfate; EMC virus, encephalomyocarditis virus; NCVP, noncapsid viral protein; DI, poliovirus defective interfering. * Present address: The Biological Laboratories, Harvard University, 16 Divinity Ave., Cambridge, Mass. 02138 4157 spectrum of polypeptides which appear to result from premature termination rather than from proteolytic cleavage (9) (10) (11) . In most cases, only 60% of the EMC viral genome is expressed in vitro; however, complete translation of RNA of EMC virus in a cell-free system prepared from EMC virusinfected L cells occurs at a very low frequency (12) .
MATERIALS AND METHODS
Virus Production. Poliovirus Mahoney Type I was grown in HeLa cells as described (15) were terminated by adding pancreatic ribonuclease to 100 ,ug/ml and incubating the mixture at 370 for 30 min. The products of the reaction were then precipitated with 10 volumes of acetone and analyzed on polyacrylamide slab gels containing NaDodSO4 (20) . The gels were fixed in 10% acetic acid, 25% propanol, stained with Coomassie Blue, dried, and autoradiographed.
Preparation of f[3sSIMet-tRNAfMet. A preparation of tRNA from yeast containing about 33% tRNAfMet and no detectable tRNAMet was the kind gift of Dr. Uttam RajBhandary. The tRNAfMet was charged with -5Smethionine and formylated with an E. coli S100 as described (21) .
RESULTS

Characteristics of cell-free protein synthesis
To determine the ability of poliovirus RNA to direct protein synthesis in preincubated extracts of mock-infected or polio- KC1 optimum from 92 to 112 mM was found. Incorporation increased with increasing poliovirus RNA concentration up to 30-60 jtg of RNA per ml. The amount of RNA needed to saturate the reaction was determined for each extract since excess RNA inhibited synthesis. Addition of tRNA, hemin, or a reticulocyte ribosome salt wash did not enhance translation of poliovirus RNA in these preincubated extracts. Once optimal conditions had been determined, frozen aliquots of a given preparation maintained their characteristics for at least 6 months.
Protein synthesis in vitro under salt shift conditions To study the size of the polypeptides synthesized under the direction of viral RNA, the products were separated by electrophoresis through a slab gel of polyacrylamide which was analyzed by autoradiography (Fig. 1) . For comparison three marker preparations were analyzed in parallel: virion proteins (Fig. 1, lane 0) ; the total proteins made in infected cells (lane P) and the polypeptides made in amino-acid analog-treated infected cells (lane Q). The polypeptide marked NCVP (noncapsid viral protein) 00 is the largest one found in amino-acid analog-treated cells and is thought to correspond to a translation product of the whole poliovirus genome (3). Polypeptides Oa and Ob derive from single cleavages of the nascent NCVP 00 (13) . NCVP 1 is the capsid protein precursor and is encoded by the 5'-end of the RNA (4, 6) .
Two conditions were used from amino acid incorporation in extracts incubated for 120 min. Either the K+ concentration was maintained at the optimum for incorporation (92 mM in this extract) or it was shifted to 155 mM after 15 min of incubation. The salt shift was used because Mathews and Osborn (22) had found that the rate of polypeptide elongation in mouse ascites cell extracts was increased by the higher K+ concentrations, but these concentrations inhibit initiation too severely to be used from the outset of incubation. In extracts incubated at a constant K+ concentration for 120 min a small amount of polypeptide of exactly the size of NCVP 00 was evident (Fig. 1, lane M (3, 24) . To obtain an estimate of the number of independent initiation sites on polioProc. Nat. Acad. Sci (Fig. 2) or ascites cell extracts (not shown). As measured by its elution position on a Bio-Gel P-2 column, this peptide had a molecular weight of about 900 (data not shown).
The limited amount of radioactivity that could be incorporated from f[35S] Met-tRNAfMet made identification of the size of all products retaining the NH2-terminal label difficult. We could, however, show that a protein migrating with NCVP 1 was labeled in vitro by f [asS] Met-tRNAfMet, and therefore it must contain the NH2-terminal peptide shown in Fig. 2 .
Tryptic peptide analysis of the product synthesized in response to poliovirus RNA. To determine if the polypeptides synthesized in vitro in response to poliovirus RNA represented virus-specific peptides, we compared a tryptic digest of the in vitro product synthesized under salt shift conditions to a tryptic digest of in vivo poliovirus-specific proteins (Fig. 3) . Extensive over- (Fig. 4) . The results confirm the fidelity of the system: no NCVP 00 was directed by DI RNA but a product (DI-NCVP 00) 12% cleavages, which are rapid cleavages of the polypeptide while it is still in the process of elongation, and cytoplasmic cleavages, which occur more slowly and involve further processing of the nascent cleavage products. No evidence for cytoplasmic cleavages during cell-free synthesis has been found. However, our results are consistent with the notion that the HeLa cell-free system carries out the nascent cleavages with approximately 80% efficiency. This value is estimated from the ratio of NCVP 00 to the lower molecular weight products in Fig. 4 . The evidence that the lower molecular weight products are formed by cleavage is as follows. (i) The various products appear to correspond to in vivo proteins both because of the exact correspondence of electrophoretic mobility and because these polypeptides containing NCVP 1 are all appropriately shifted in the in vitro product of DI RNA translation. (ii) The map of the poliovirus genome contains (5' -3') NCVP 1 -NCVP X -NCVP 1I% (4) . (iii) The products include proteins that comigrate with not only NCVP 1, which could be formed by a premature termination, but also with NCVP 1½ and NCVP X (see Fig.  4 ). Since it is difficult to envisage how these polypeptides, formed by both wild-type and DI RNA, could arise by premature termination, we assume that they are formed by either direct initiation or by proteolytic cleavage. (iv) Since only one initiation site is evident, we believe that nascent cleavages must be occurring.
The occurrence of nascent cleavages in extracts from uninfected cells would imply that either host cell enzymes are responsible or that the nascent polypeptides are proteases. Because the nascent cleavages occur so rapidly, both NCVP 1 and NCVP X would have to be proteases; this is unlikely, and we conclude that host cell enzymes carry out the cleavage. Our results differ from results obtained by others studying the translation of EMC virus RNA. The synthesis of a polypeptide larger than the capsid precursor in extracts from uninfected cells in response to EMC virus RNA and a polypeptide the same size as the capsid precursor in extracts from EMC virus-infected cells has been reported for cellfree systems derived from mouse L-cells and plasmacytoma cells (12, 25) . Both groups suggest that the proteolytic activity necessary to process EMC viral proteins is activated in infected cells. 
